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ABSTRACT 
MATTHEW JOHNSON KENNEDY: Wind Energy Harvesting Utilizing Biaxially 
Oriented Piezoelectric Polyvinylidenefluoride Film  
(Under the direction of Josh Gladden) 
 
With the growing concern over fossil fuels as a finite source of fuel and as a 
hazard to the environment, society has developed a growing interest in the use of 
renewable energy. Advancements in solar, nuclear, geothermal, wind, and vibrational 
energy harvesting, to name a few, have made the concept of using renewables as a 
main source of energy more feasible. The research and experimentation conducted for 
this thesis focused on analyzing the practicality of the future implementation of Biaxially 
Oriented Piezoelectric Polyvinylidenefluoride in the wind energy harvesting industry. 
The experiment consisted of data collection and analysis of power output as a function 
of wind speed and was conducted in the low speed wind tunnel in the National Center 
for Physical Acoustics at the University of Mississippi. The results from the experiment 
show that, for the specific dimensions of film used, Polyvinylidenefluoride film had a low 
power output under wind velocities of approximately five to seven meters per second. 
However, the future implications of PVDF may not be ruled out, for this experiment may 
pave the way for a new range of specific experiments.  
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INTRODUCTION 
 
 Due to the finite amount of fossil fuel reserves and the negative impact they have 
on the environment, many institutions and governments have searched for new 
technologies that are devoid of these problems. There has been a concentrated focus on 
renewable electrical energies for its negligible contribution to environmental pollution. 
According to Otkay et al., wind energy is the forerunner for popular renewable electrical 
energies due to its ability to supply great power, to be sustainable, and to provide a clean, 
low impact on the environment. As of early 2013, the installed wind turbine capacity was 
296 GW and is projected to increase to 318 GW by the end of 2015. China has the 
highest wind energy production with 80.8 GW, while the United States of America and 
Germany follow closely behind. The European Union projects to have 20% of its 
electricity demand taken care of by wind energy by 2020 (Arikan, 17-18). Wind energy is 
the fastest growing renewable energy technology in the world and is considered one of 
the key sources to reduce the world’s dependence on coal and diesel while 
simultaneously reducing greenhouse gas emissions. One great fallback from wind energy 
harvesting is that the power provided from wind is inconsistent and practically 
uncontrollable (Ibrahim, 882).  
 Piezoelectric materials exhibit a process known as the piezoelectric effect. This 
occurs when a piezoelectric material is first mechanically strained in one direction,
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causing electric charges to appear on the faces of the crystals, and is then strained in the 
opposite direction, reversing the polarity of the electric charge and thus reversing an 
electric field. Polyvinylidenefluoride is a high-molecular-weight polymer of vinylidene 
fluoride that is predominately used in sensor elements and contains the predominating 
repeating unit –CH2-CF2- (Oh, 433).   
The research that was conducted focused primarily on two topics: the fluid-flow-
induced flutter in a flag and the piezoelectric properties of biaxially oriented piezoelectric 
polyvinylidenefluoride film.  
 
Fluid-flow-induced Flutter in a Flag: 
 To introduce this topic, flutter will be defined as, “a specific dynamic instability 
of a structure in a moving fluid that exhibits unsteady and large oscillations due to 
interaction between the structure and the fluid” (Flapping Flag Flutter).  
  By referencing an article written by Argentina and Mahadevan, it was made 
possible to calculate the linear wind speed needed for the onset of the flag flapping 
mechanism. This theory considered the finite length of the flag, the stiffness of the flag, 
the added mass effect, and the vortex shedding from the trailing edge. As stated, “in a 
particular limit corresponding to a low-density fluid flowing over a soft high-density flag, 
the flapping instability is akin to a resonance between the mode of oscillation of a rigid 
pivoted airfoil in a flow and a hinged-free elastic plate vibrating in its lowest mode.” In 
their work, Argentina and Mahadevan derived an equation to calculate the critical 
velocity for the onset of flutter in a flag: UC ~ ( Eh
3/pf L
3)(1/2), where Uc is the critical 
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velocity for the onset of flutter in a flapping flag, E is Young’s Modulus, h is thickness, ρ 
is density, and L is length (Argentina, n.p.).  
 
Piezoelectric Properties of Biaxially Oriented Piezoelectric Polyvinylidenefluoride 
Film: 
 Biaxially oriented piezoelectric polyvinylidenefluoride film is a treated form of 
Polyvinylidenefluoride film (PVDF) that has been through a process to convert it into a 
poled piezo-electric film. The poling process includes using electric fields in the order of 
20 MV/m and temperatures around 100°C to convert non-polar β PVDF to its polar form. 
The degree of polarization is linear with applied voltage until a saturation level occurs. 
This process can be conducted at lower temperatures, but the duration of the process in 
order to achieve the same level of polarization decreases as the temperature increases up 
to 100°C. If the process is performed at temperatures lower than 70°C, a non-uniform 
distribution may occur. For uniformity to best be achieved, the electric field must be 
applied for an extended period of time at temperatures above 90°C. Once the polarized β 
state is achieved, it is stable and there is no significant decay of polarization unless the 
temperature of the material rises above 140°C (Esterly, 12). See Tables 1 and 2.   
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From “Guide to Using Poled PVDF.” Piezo Electric Materials. 
Table 1: Physical Properties of PVDF 
Description  Semi-crystalline polymer consisting of crystallites 
embedded within amorphous polymer chains 
Density p 1780 kg/m3 
Melting Temperature Tm 175-180 deg C 
Glass Transition 
Temperature 
Tg -42 deg C 
Curie Temperature Tc None observed but extrapolates to 205 deg C 
Young’s Modulus E 8.3 GPa 
Bulk Modulus K 4.3 GPa 
Shear Modulus U 3.5 GPa 
Poisson’s Ratio v .18 
Longitudinal Velocity cL 2250 m/s 
Shear Velocity cs 1410 m/s 
Refractive Index n 1.42 
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Table 2: Piezo-electric Properties of PVDF and P(VDF-TRE) Co-Polymer: 
Piezo Strain Constant (shear mode 
direction 1) 
d31 Uniaxial Film: 22 pC/N 
Bi-axial Film: 6 pC/N 
Copolymer: 7-8 pC/N 
Piezo Strain Constant (shear mode 
direction 2) 
d32 Uniaxial Film: 3 pC/N 
Bi-axial Film: 5 pC/N 
Copolymer: 7-8 pC/N 
Piezo Strain Constant (thickness 
mode) 
d33 Uniaxial Film: -30 pC/N 
Bi-axial Film: -30 pC/N 
Copolymer: -33/34 pC/N 
Maximum Usable Temperature  Uniaxial Film: 75-80 deg C 
Bi-axial Film: 75-80 deg C 
Copolymer: 110 deg C 
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METHODS 
 
Initial Experiment – Construction of a Wind Tunnel for Experimentation: 
 The construction of the initial wind tunnel began in August of 2014. An acrylic 
sheet was cut into 1.2 m by .3 m sections (4 feet by 1 foot) and then formed into a 
rectangular box by sealing the corners together with a methyl chloride solution. Next, 
four pieces of .6 m by .6 m (2x2 feet) wood were cut and formed into a cube. The top part 
of the cube was milled as a .3 m by .3 m (12 x 12 inch) square with 4.5 mm (.177 inch) 
trough with 9.5 mm (3/8 inch) depth. This formed an inner square of .289 m (11.36 
inches). The surface of the inner square was then beveled to provide a smooth transition 
for wind from the acrylic tube to the wooden box.  
The critical velocity for the onset of flutter was determined using the following 
equation: Uc = (Eh
3/ρfL3)1/2, where Uc is the critical velocity for the onset of flutter in a 
flapping flag, E is Young’s Modulus (8.3 GPa for PVDF), h is thickness (.025mm for the 
film), ρ is density (1780 kg/m3 for PVDF), and L is length (100mm for the film). This 
equation yielded a calculation of 8.5 mm per second (1.68 feet per minute). Considering 
the dimensions of the acrylic rectangular box, the critical velocity for the onset of flutter 
for the given film was determined to be 1.9745 cubic feet per minute. Note: the fan that 
was used had flow rate given in cubic feet per minute, which is why SI units were not 
used here.
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To provide the necessary wind speed for the film to flutter, a pc cooling fan was 
used. This fan had a maximum speed of 53 cubic feet per minute. A hole with the 
appropriate diameter for the fan was drilled in the bottom left corner of one of the side 
faces of the wooden cube to prevent any influence from vortices as the wind entered the 
acrylic box. The fan was then attached to this face of the cube with screws. There were 
three leads coming from the fan, two were to be connected in series with a power source 
to power the fan, and one was a feedback mechanism that is used to determine fan speed. 
The “power source” leads were connected to a rheostat that enabled the experimenter to 
control the amount of power to the fan and thus the wind speed within the tunnel.  
A wire lead was then connected to either side of the PVDF film via a conductive 
adhesive silver epoxy. Once dry, the film was adhered to an acrylic rod via electrical 
tape. One hole on either side of the acrylic rectangular box was drilled about three fourths 
of the way up the box, and the acrylic rod was slid into place. The piezo leads went out of 
one of the holes and were connected to an oscilloscope to give real-time information on 
the voltage output. With this setup, the experimenter should ideally be able to conduct a 
wide range of experiments by having the computer fan suck air through the tunnel from 
the top of the rectangular acrylic box and out the fan port, causing the piezo film to flap. 
For a schematic of the electrical circuitry, refer to Figure 1. For an illustration of the 
experimental setup, refer to Figure 2.  
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Figure 1: Schematic of Electrical Circuitry for Initial Experiment 
  
Fan PVDF 
Rheostat Oscilloscope 
Arrows 
represent 
electrical leads 
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Figure 2: Setup for Initial Experiment
 
Rheostat                  Oscilloscope                 Cooling Fan                        Wind Tunnel 
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An experiment was to compare the voltage output from the PVDF film as a 
function of wind speed and power output by the computer fan. During the experiment, 
however, the film would flutter, but never at a full wavelength. Even with full power 
output by the 53 cubic feet per minute fan, the film failed to achieve a full wavelength. 
Consequently, the film was not able to produce a high enough voltage on a consistent 
basis to yield tangible results. After careful consideration, it was determined that the 
experiment should be moved to a new wind tunnel that was able to cover a greater range 
of wind speeds in a more accurate manner.  
 
Experiment in the Low Speed Wind Tunnel: 
  The experimentation took place in the low speed wind tunnel at the Jamie 
L. Whitten National Center for Physical Acoustics at the University of Mississippi. 
Electrical leads were soldered to copper tape which was then adhered to both sides of the 
film (Figure 3). The film was then attached to a rod via electrical tape (Figure 4). 
Sections of airfoil were cut and slid down the rod onto either side of the film (Figure 5). 
A final section of airfoil was cut and a slit was formed so that it could fit along the length 
of the film at the site of its attachment to the rod. Refer to Figures 3-5 for Illustrations 
(These images are taken post-experimentation). 
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Figure 3: PVDF with Copper Tape and Electrical Leads 
 
 
 Metallized PVDF           Copper Tape                   Wire Leads 
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Figure 4: PVDF Attached to Acrylic Rod 
 
Acrylic Rod           PVDF Attached to Rod with Electrical Tape      Unattached Air Foil  
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Figure 5: PVDF With Air Foil Attached 
 
Acrylic Rod           PVDF Attached to Rod with Electrical Tape      Attached Air Foil  
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This construct was placed within the low speed wind tunnel with the electrical 
leads running down one length of the rod, out of the wind tunnel, and to a connection to 
either a one Ω (Experiment 1) or a one hundred Ω (Experiment 2) precision resistor. This 
was then connected to a low pass filter which was connected to an oscilloscope. The low 
pass filter was used to block out the ambient electrical noise that can corrupt data. The 
sources of these ambient electrical noises included power sources, power cords, large 
light fixtures, and many more sources that could interfere with the sensitive low voltage 
signal coming from the film. The low pass filter was connected to an oscilloscope to 
capture the output voltage signals from the film from which the output power can 
derived. This data was recorded over set periods of time and was saved for analysis.  
The low speed wind tunnel operates by having a motor that powers a fan that 
pulls air into the tunnel from the far end and out of the tunnel on the end where the 
motor/fan is. Regulation of the motor output was done by a frequency input to a control 
box outside of the tunnel (Figure 6). The operating frequency of this motor began at 23 
Hz. The maximum motor frequency used for the experiment was 30 Hz. For operation, 
the motor had to ramp up from 0 to 23 Hz, which took about a minute. Once the motor 
had ramped up to the desired frequency, the motor ran consistently until it was shut down 
or modified. The experiment proceeded as follows: The frequency was set at 23 Hz, data 
was taken, the frequency was set to 24 Hz, given time to achieve that frequency, and then 
data was taken again. This process continued in 1 Hz steps from 23 to 30 Hz. See Figures 
7 and 8 for an illustration of the setup. Refer to Figure 9 for a schematic of the electrical 
circuitry.  
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Figure 6: Control Panel for Low Speed Wind Tunnel 
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Figure 7: Side View of Low Speed Wind Tunnel 
 
 
                                                  PVDF and Rod Location               Pitot Tube Location 
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Figure 8: Close Up of Low Speed Wind Tunnel Setup 
 
               Pitot Tube          PVDF and Rod            Pitot Chamber               Oscilloscope  
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Figure 9: Schematic of Electrical Circuitry for Experiment in Low Speed Wind 
Tunnel 
  
PVDF 
Resistor 
Low-Pass 
Filter 
Oscilloscope 
Arrows 
represent 
electrical 
leads 
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The acrylic rod and PVDF assembly were placed within a viewing chamber 
midway through the tunnel. To measure the wind speed, a pitot tube was placed in the 
chamber in a way that it was upstream from the film, far out enough from the inner wall 
to receive a steady flow of air but not far out enough to disrupt the wind flow to the film 
(Figure 10). The pitot tube has an opening that allows inflow of air from directly 
upstream into the pitot chamber in addition to an opening that is normal to the direction 
of the flow of wind. These openings lead to tubes that are connected to either side of a 
chamber that is filled with fluid. The differences in the pressure from the upstream wind 
and the pressure normal to the stream causes a displacement of the fluid which was 
quantified via a ruler beneath the chamber (Figure 11). With this data, it was possible to 
calculate the wind speed in the tunnel using Bernoulli’s equation  P1/ρ1 + .5v^2 = P2/ρ2 
+ .5v^2. On the scale of the ruler beneath the chamber, one inch corresponded to 249.174 
Pa. The density used for the calculations was 1.225 kg/m3. Since the wind speed normal 
to the flow is zero, the difference in pressure divided by the density was equal to one half 
of the square of the velocity of the wind flow. The following is an example of the 
calculations used to determine the wind speed from the pitot tube at a frequency of 23 
Hz: (.06 inches * 249.174 Pa / 1.225 kg/m3)*2 = v^2  v = 4.94 m/s. Refer to Table 3 
for a table of data on motor frequencies, pressure differences, and velocities. 
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Figure 10: Vertical View of Pitot Tube and PVDF Setup 
 
                   Pitot Tube                                                     PVDF, Rod, and Airfoil   
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Figure 11: Pitot Chamber 
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Table 3: Motor Frequencies and Their Corresponding Pressure Differences and 
Velocities 
Motor Frequency (Hz) Pressure Difference (in. H2O) Velocity (m/s) 
23 .06 4.94 
24 .07 5.34 
25 .08 5.7 
26 .1 6.38 
27 .11 6.69 
28 .12 6.99 
29 .14 7.55 
30 .145 7.68 
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RESULTS 
 
Experiment 1: 1 Ω Resistor 
 Data was taken from a motor frequency of 23 Hz (approximately 4.9 m/s) to 30 
Hz (approximately 6.9 m/s) with the 1 Ω precision resistor in series. A plot was made of 
the power output that was illustrated as signal (in mV) versus time (in seconds) at a speed 
of 4.9 m/s. The data shows that the signal maintains a consistent waveform throughout 
the one second duration at a constant motor frequency. Refer to Figure 12 for a graphical 
representation. The data also shows an increase in power output as a function of wind 
speed that was acceptably linear. The slope of the best-fit line came out to be 1.32 
mW/(m/s), meaning that the power increased by 1.32 milliwatts for every increase in 
speed of 1 m/s. Refer to Figure 13 for a graphical representation. A plot was generated 
for the relative intensity versus signal frequency for the film at frequencies of 23 Hz and 
30 Hz. The data shows a significant increase in relative intensity between the 23 Hz run 
and the 30 Hz run in addition to showing a significant increase in intensity with respect to 
an increase in signal frequency. Note the high amount of structure to the plot, indicating 
the many different flapping motions occurring along the film. See Figure 14 for a plot of 
the data.
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Figure 12: Signal Output vs Time for Experiment 1 
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Figure 13: Power Output vs Wind Speed for Experiment 1
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Figure 14: Relative Intensity vs Flapping Frequency for Experiment 1
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Experiment 2: One Hundred Ohm Resistor 
Data was taken from a motor frequency of 23 hertz (approximately 4.9 m/s) to 30 
hertz (approximately 7.2 m/s) with the one hundred ohm precision resistor in series. The 
data for this experiment may not be validated due to the poor signal-to-noise conditions. 
The plot of the signal output versus time for Experiment 2 at 7.2 m/s shows a relatively 
consistent waveform. This leads to the conclusion that the data taken was consistent, yet 
too low in signal strength to yield reliable data. Refer to Figure 15 for an illustration. The 
plot for power output versus wind speed shows an inconsistency through the vast 
scattering of points. The slope of the best-fit line of this plot was calculated to give a 
power output of .003 mW/(m/s). This is substantially lower than the slope for the one 
ohm resistor (1.32 mW/(m/s)). Refer to Figure 16 for an illustration. The plot for the 
relative intensity versus signal frequency was generated for the 6.0 m/s and 7.2 m/s runs 
of Experiment 2. The low intensity can be attributed to the lack of valid data. Note the 
high amount of structure to the plot, indicating the many different flapping motions along 
the film.  Refer to Figure 17 for an illustration.  
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Figure 15: Signal Output vs Time for Experiment 2 
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Figure 16: Power Output Versus Wind Speed for Experiment 2 
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Figure 16: Relative Intensity vs Flapping Frequency for Experiment 2  
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Experiment 3: Piezoelectric Energy Harvester 
 For this experiment, a piezoelectric energy harvester was connected. This device 
“integrates a low-loss full-wave bridge rectifier with a high efficiency buck converter to 
form a complete energy harvesting solution optimized for high output impedence energy 
sources such as piezoelectric, solar, or magnetic transducers” (LTC-3588-1). See Figure 
18 for a schematic of the electrical circuitry. The oscilloscope was connected to the 
ground and Vout terminals, a one ohm load was connected to the Vout terminal and a 
separate ground terminal, the leads from the PVDF were connected to the “PZ1” and 
“PZ2” terminals, and a battery source with six AA batteries was connected to Vin and a 
separate ground terminal. Refer to Figure 19 for an illustration of the setup. The 
piezoelectric energy harvester has an internal super capacitor that would charge and leave 
a reading of 1.773 V on the oscilloscope. Data was taken for the amount of time it took 
for the voltage signal from the energy harvester to drop from 1.773 V to 1.5 V with and 
without the piezoelectric leads attached at frequencies of 23 Hz and 30 Hz. Refer to Table 
4 for a table of the data. The time was then taken as the voltage signal dropped from 
1.773 V to 1.200 V. Refer to Table 5 for a table of the data. The data shows a slight 
difference in the amount of time to discharge when the circuit has an additional input 
from the piezo leads. However, this difference was not enough to be conclusive evidence. 
It was then decided to conduct ten more runs to see if there would be a consistent 
difference in discharge time if the piezoelectric film was connected. During the 
experimentation, the piezo harvester began to fail to charge to its usual amount. Likely 
scenarios include that the leads may have lost satisfactory connection, but this was 
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thoroughly investigated and is not very likely to be the problem. Due to time constraints 
and an impending deadline, no more data collection was taken. Refer to Table 6 for an 
illustration of the data that was collected before the capacitor quit holding charge.  
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Figure 18: Schematic of Electrical Circuitry for Piezoelectric Energy Harvesting 
Circuit Board 
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Figure 19: Setup of Electrical Circuitry for Piezoelectric Energy Harvester 
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Table 4: Signal Drop from 1.77 V to 1.5 V 
Piezo Leads Connected? Y/N, Frequency Time to Drop from 1.77 V to 1.5V 
Yes, 30 Hz 2 minutes, 7 seconds 
No, 30 Hz 1 minute, 59 seconds 
Yes, 23 Hz 2 minutes, 5 seconds 
No, 23 Hz 1 minute, 58 seconds 
 
Table 5: Signal Drop from 1.77 V to 1.2 V 
Piezo Leads Connected? Y/N, Frequency Time to Drop form 1.77 V to 1.2 V 
Yes, 23 Hz 4 minutes, 57 seconds 
No, 23 Hz 4 minutes, 42 seconds 
Yes, 30 Hz 4 minutes, 36 seconds 
No, 30 Hz 4 minutes, 34 seconds 
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Table 6: Time for Signal to Drop from 1.773 V to 1.5 V, Extended Runs 
Run Number Time for Signal to Drop From 1.773 V 
to 1.5 V 
1, No Piezo Leads 2 minutes, 11 seconds 
2, No Piezo Leads 2 minutes, 7 seconds 
3, No Piezo Leads 2 minutes, 6 seconds 
4, No Piezo Leads 2 minutes, 6 seconds 
5, No Piezo Leads 2 minutes, 5 seconds 
6, No Piezo Leads 2 minutes, 10 seconds 
7, No Piezo Leads 2 minutes, 7 seconds 
8, No Piezo Leads 2 minutes, 9 seconds 
9, No Piezo Leads 2 minutes, 9 seconds 
10, No Piezo Leads 1 minute, 49 seconds 
 
*Note: On Trial 10, No Piezo Leads – signal jumped to slightly higher than 1.773 V 
when connected to battery. On discharge, it dropped to 1.5 V faster than normal (1 
minute, 49 seconds). When the battery was reconnected, the charge would not go beyond 
slightly more than 1.5 V. After leaving the battery disconnected to let the capacitor 
discharge to approximately 1.33 V, the battery was able to drive the signal back to the 
normal 1.7 V. An additional run was conducted to see if the discharge time would go 
back to a predicted value, and it came out to be 1 minute, 34 seconds. Data collection was 
then halted until the next available period of two days. When data collection was 
resumed, the capacitor would no longer charge at all.
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Discussion 
 Based on the review of the experimental data, it was clear that the PVDF film did 
not produce a noteworthy amount of power when under the influence of winds of speeds 
from 4.94 m/s to 7.68 m/s. There are many different factors that could have contributed to 
the low power output: 1) The electrical leads may not have been connected in the optimal 
way; 2) Any part of the setup in regards to the electrical circuitry may have been less than 
ideal; 3) The dimensions of the PVDF film may have been less than optimal. If these 
factors did not contribute to the low power output, it may be concluded that this method 
of driving PVDF simply did not produce much power.  
In regards to condition 1, when consulting “Guide to Using Poled PVDF” one will 
see an example of how to attach electrical leads. This example involves peeling away a 
piece of the protective coating, inserting a plastic screw through the film, using a coaxial 
cable that has been stripped and modified to have three exposed leads (two ground, one 
live), soldering each lead to a washer, placing the washer with the live lead inside the 
film and the two washers with the grounds on either side of the outside of the film, then 
securing it together with the plastic screw and a plastic nut. This mechanical means of 
maintaining the electrical connection may have been ideal, but to perform it would run 
the risk of damaging the film. Since there was a limited amount of film, this technique 
was not used. Regarding condition 2, the author’s lack of experience in connecting 
circuitry could be a factor. Despite the assistance of more experienced personnel, it was
38 
 
practically inevitable that this would factor in to some degree. In regards to condition 3, 
the film was a 100 mm square that had a thickness of 25 microns. The film cost around 
six hundred dollars to purchase, so obtaining a larger film and/or more film was outside 
the scope of the budget for the experiment. 
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Future Work 
 Future work stemming from the results from this experiment could involve 
observing the differences in power output with PVDF films of dimensions that are 
different than the one used. This would answer the question of whether or not the 100 
mm square, 25 micron thick film was too small to produce sufficient power output. 
Additional experiments could be performed using different techniques for connecting the 
film to electrical leads, such as the plastic screw and co-axial method listed in Reference 
5. Another follow-on experiment could involve testing the power output of one large 
piece of film versus many small pieces of film in an array that covers the same amount of 
area.  
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Conclusion 
 Wind energy harvesting is one of the fastest growing renewable energy 
technologies in the world. Although the results of this thesis show that, for the specific 
dimensions of film and wind speeds used, PVDF has a low power output, this material 
cannot yet be ruled out for wind energy harvesting. This can be a starting point for future 
experimentation that can cover a wide range of applications.  
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